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Abstract
Key message Silver ions increase plasma membrane permeability for water and small organic compounds through 
their stimulatory effect on plasma membrane calcium channels, with subsequent modulation of intracellular calcium 
levels and ion homeostasis.
Abstract The action of silver ions at the plant plasma membrane is largely connected with the inhibition of ethylene signal-
ling thanks to the ability of silver ion to replace the copper cofactor in the ethylene receptor. A link coupling the action of 
silver ions and cellular auxin efflux has been suggested earlier by their possible direct interaction with auxin efflux carriers 
or by influencing plasma membrane permeability. Using tobacco BY-2 cells, we demonstrate here that besides a dramatic 
increase of efflux of synthetic auxins 2,4-dichlorophenoxyacetic acid (2,4-D) and 1-naphthalene acetic acid (NAA), treat-
ment with  AgNO3 resulted in enhanced efflux of the cytokinin trans-zeatin (tZ) as well as the auxin structural analogues 
tryptophan (Trp) and benzoic acid (BA). The application of  AgNO3 was accompanied by gradual water loss and plasmolysis. 
The observed effects were dependent on the availability of extracellular calcium ions  (Ca2+) as shown by comparison of 
transport assays in  Ca2+-rich and  Ca2+-free buffers and upon treatment with inhibitors of plasma membrane  Ca2+-permeable 
channels  Al3+ and ruthenium red, both abolishing the effect of  AgNO3. Confocal microscopy of  Ca2+-sensitive fluorescence 
indicator Fluo-4FF, acetoxymethyl (AM) ester suggested that the extracellular  Ca2+ availability is necessary to trigger the 
response to silver ions and that the intracellular  Ca2+ pool alone is not sufficient for this effect. Altogether, our data suggest 
that in plant cells the effects of silver ions originate from the primal modification of the internal calcium levels, possibly by 
their interaction with  Ca2+-permeable channels at the plasma membrane.
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Introduction
In plant biology,  AgNO3 is used mainly to interrupt the 
action of ethylene, a gaseous plant hormone involved in 
many fundamental processes during plant development 
(Kumar et al. 2009). First evidence of silver ions as putative 
ethylene inhibitor was brought in 1976, showing  AgNO3 to 
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prevent ethylene-induced growth changes in pea, leaf abscis-
sion in cotton or flower senescence in white Cattleya orchids 
(Beyer 1976). Later, the replacement of the copper cofactor 
in the ethylene receptor ETR1 by silver ion was proposed to 
be the mechanism responsible for the disruption of ethylene 
signalling (Rodríguez et al. 1999; Zhao et al. 2002; Binder 
et al. 2007).
Apart of their described direct influence on the ethylene 
receptor, silver ions have been shown to affect at least three 
other physiological processes in plants and animals: the 
transport of water via aquaporins and transport of  Ca2+ and 
 K+ ions mediated by relevant channel proteins. Silver ions 
block the function of murine  K+ (Dart et al. 1998a, b) and 
rabbit  Ca2+ ion channels (Abramson et al. 1983; Salama and 
Abramson 1984) by interacting with the sulfhydryl group of 
cysteine in functionally essential parts of the proteins. An 
analogous silver ion–protein interaction in the constriction 
region of the water pore has been suggested to be responsi-
ble for selective inhibition of aquaporins of plant and human 
origin (Niemietz and Tyerman 2002). However, other effects 
of silver ions in plants should not be missed out. As Kumar 
et al. (2009) summarized in their review, the use of silver 
ions in plant tissue cultures influences or improves processes 
connected to somatic embryogenesis, root, shoot and flower 
development as well as sex expression or fruit ripening. In 
spite of the fact that the mechanism of silver ions action 
remains unclear, they are proposed to target functionally 
interlinked ethylene, polyamine and calcium-mediated path-
ways (Kumar et al. 2009).
In BY-2 tobacco cells, the application of silver ions 
resulted in reduction of the number of rapidly dividing cells 
and a delay of mitosis (Herbert et al. 2001). Moreover, a 
2-day exposition to  AgNO3 led to dose-dependent (with 
10 µM the highest) decrease of viability in BY-2 cell cul-
ture with typical symptoms of programmed cell death like 
cytoplasm shrinkage and chromatin condensation (Křížková 
et al. 2009).
Following the intensively investigated and well-under-
stood auxin–ethylene hormonal crosstalk, several studies put 
silver ions and auxin transport into relation. Růžička et al. 
(2007) claimed ethylene to support auxin biosynthesis and 
modulate its distribution in Arabidopsis seedling roots, and 
showed that silver ions can block ethylene-triggered changes 
in auxin maxima. Similarly, Negi et al. (2008) demonstrated 
that silver ions revert the ethylene-induced, auxin-dependent 
reduction in lateral root formation. Interestingly, Strader 
et al. (2009) proposed a direct influence of  AgNO3 on the 
auxin efflux while admitting that the molecular mechanism 
of this action remains unclear and discussing the involve-
ment of a putative, unknown auxin carrier or silver ions-
induced changes in membrane permeability. Since then, any 
sound information on a potential mechanism has remained 
elusive.
In this work, we examine the effect of  AgNO3 on trans-
membrane transport in BY-2 tobacco cells, and demonstrate 
that extracellular calcium availability is necessary to trigger 
the response to silver ions.
Materials and methods
Chemicals
Unless stated otherwise, all chemicals were supplied by 
Sigma Aldrich (St. Louis, MO, USA).
Plant material and treatments
Cells of tobacco line BY-2 (Nicotiana tabacum L., cv. 
Bright-Yellow 2) (Nagata et al. 1992) were cultured in liq-
uid medium [BY-2 medium; 3% (w/v) sucrose, 4.3 g l−1 
Murashige and Skoog salts (3 mM  CaSO4), 100 mg l−1 ino-
sitol, 1 mg l−1 thiamin, 0.2 mg l−1 2,4-D, and 200 mg l−1 
 KH2PO4 (pH 5.8)] in darkness at 27 °C on an orbital incuba-
tor (Sanyo Gallenkamp, Japan; 150 rpm, 32 mm orbit) and 
subcultured weekly. Stock tobacco BY-2 calli were main-
tained on the same media solidified with 0.6% (w/v) agar 
and subcultured monthly. All experiments were performed 
on 2-day-old BY-2 cells.
For phenotypic analysis, 10 mM water stock solution of 
 AgNO3 (Serva, cat. n. 35110) was added to the final con-
centration of 10 µM to suspension-grown cells kept in BY-2 
medium or in the uptake buffer (UB) (Delbarre et al. 1996; 
Petrášek et al. 2006): (a) full UB: 20 mM 2-(N-morpholino)
ethanesulfonic acid (MES), 40 mM sucrose, 0.5 mM  CaSO4; 
(b) UB without MES: 40 mM sucrose and 0.5 mM  CaSO4; 
(c) UB without  CaSO4: 20 mM MES and 40 mM sucrose; 
(d) UB without MES and without  CaSO4: 40 mM sucrose. 
pH 5.7 for all (a–d) UB variants was adjusted with KOH. 
Samples of cells were taken for Nomarski DIC microscopy 
after 10 min treatment with  AgNO3.
100 mM water stock solution of  AlCl3 was added to BY-2 
cells equilibrated in UB to give the final concentration of 
100 µM. Samples of cells were taken for microscopy after 
10 min of treatment with  AlCl3.
10 mM water stock solution of ruthenium red was added 
to BY-2 cells equilibrated in UB to give the final concentra-
tion of 10 µM. After 10 min pre-treatment with ruthenium 
red, 10 mM water stock solution of  AgNO3 was added to 
give the final concentration of 10 µM. Samples of cells were 
taken for microscopy after 10 min of treatment with  AgNO3.
Calcium indicator Fluo-4FF, AM, the cell-permeant ace-
toxymethyl ester (Molecular Probes, cat. n. F-23981), diluted 
in DMSO was added to BY-2 cells equilibrated in UB under 
continuous shaking to give the final concentration of 5 µM for 
the 1 h pre-treatment. 10 mM water stock solution of  AgNO3 
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was added to pre-treated cells to give the final concentration of 
10 µM. Samples of cells were taken for confocal microscopy 
during the 10-min treatment with  AgNO3.
Microscopy
Nomarski DIC microscopy was performed using Nikon 
Eclipse E600 (Nikon, Japan) and images were recorded with 
colour digital camera DVC 1310C (DVC Company, USA) 
using LUCIA image analysis software (Laboratory Imaging, 
Prague, Czech Republic).
Confocal microscopy was performed using Zeiss LSM 5 
DUO confocal microscope (Carl Zeiss, Germany) equipped 
with 40× C-Apochromat objective (NA = 1.2 W). BY-2 cells 
pre-incubated with the calcium indicator Fluo-4FF, AM for 1 h 
in 24-multiwell plates for 1 h were imaged after their transfer 
to microscope slide. Fluorescence signals were obtained for 
Fluo-4FF, AM (excitation 488 nm, emission 505–550 nm).
Auxin accumulation measurements
Auxin accumulation in 2-day-old cells was measured using 
radioactively labelled auxins according to Delbarre et al. 
(1996), as modified by Petrášek et al. (2006). Treatments were 
replicated at least three times and the average values (± stand-
ard errors) were expressed as pmols of particular auxin accu-
mulated per million cells. All experiments were performed 
in three biological repetitions with the same results, repre-
sentative experiments are shown.  AgNO3 was added from 
10 mM aqueous stock solution to give the final concentration 
of 10 µM either at the beginning of the accumulation assay, 
together with the addition of radioactively labelled  [3H]NAA 
(20 Ci/mmol; American Radiolabeled Chemicals, Inc., St. 
Louis, MO, USA),  [3H]2,4-D (20 Ci/mmol; American Radi-
olabeled Chemicals, Inc., St. Louis, MO, USA),  [3H]benzoic 
acid (20 Ci/mmol; American Radiolabeled Chemicals, Inc., 
St. Louis, MO, USA),  [3H]tryptophan (20 Ci/mmol; Ameri-
can Radiolabeled Chemicals, Inc., St. Louis, MO, USA) and 
 [3H]trans-zeatin (23 Ci/mmol; Isotope Laboratory, Institute 
of Experimental Botany AS CR, Prague, Czech Republic), or 
in flight after 10 min in case of  [3H]NAA,  [3H]2,4-D. In the 
case of multiple treatments,  AlCl3 and  AgNO3 were added to 
the final concentration of 100 and 10 µM, respectively, at the 
beginning of the accumulation assay together with the addition 
of  [3H]NAA. Ruthenium red was added to the final concen-
tration of 50 µM 10 min before the addition of  [3H]NAA and 
 AgNO3.
Results
Silver ions promote efflux of auxin 
but also of non‑auxin compounds
A previous report by Strader et al. (2009) described the 
ability of 10 µM  AgNO3 to promote auxin efflux inde-
pendently of ethylene action in Arabidopsis thaliana. 
The same result was obtained in our experiments using 
BY-2 tobacco cells, where accumulation assays showed 
an increased efflux of  [3H]NAA in the presence of 10 µM 
 AgNO3 (Fig. 1a). NAA is a synthetic auxin analogue that 
enters the cells via simple diffusion and is taken out by 
auxin efflux carriers, therefore it is used as a marker of 
the active auxin efflux (Delbarre et al. 1996). However, 
the presence of  AgNO3 decreased also the accumulation of 
 [3H]2,4-D, a marker for auxin influx, and even non-auxin 
compounds like tryptophan, benzoic acid and trans-zeatin 
(Fig. 1b–e). Moreover, accumulation of both  [3H]NAA and 
 [3H]2,4-D were observed to undergo a fast drop upon the 
in-flight addition of  AgNO3 in the middle of the accumu-
lation period (data not shown), confirming that  AgNO3 
treatment stimulated fast efflux of radioactive tracers accu-
mulated in cells. The concentration of  AgNO3 was chosen 
based on the  [3H]NAA accumulation assays performed in a 
concentration range between 0.5 and 10 µM  AgNO3, where 
the observable dramatic drop in the accumulation first 
appears between 5 and 10 µM  AgNO3 (Online resource 1).
These results suggest that the action of silver ions on 
transmembrane transport in BY-2 cells is rapid and not 
specific for auxin efflux.
Silver ions action depends on the medium 
composition
In the presence of  AgNO3, the appearance of BY-2 cells 
incubated in the uptake buffer changed dramatically 
compared to control (Fig. 2a, b). In contrast to control 
(Fig. 2a), 10 min treatment with 10 µM  AgNO3 resulted 
in cytoplasm shrinkage and loss of cytoplasmic strands 
(Fig. 2b), both suggesting dramatic changes in water flow 
across membrane triggering mild cell plasmolysis. Sur-
prisingly, the same treatment with 10 µM  AgNO3 of cells 
incubated in full BY-2 medium did not cause any apparent 
phenotypical changes (Fig. 2c, d). This was consistent with 
results of  [3H]NAA accumulation performed in full BY-2 
medium, which did not decrease after  AgNO3 treatment 
(Fig. 2e). To test whether the synthetic auxin 2,4-D, which 
is present in full BY-2 medium and absent in the uptake 
buffer, could be the reason for insensitivity to  AgNO3 of 
BY-2 cells incubated in full medium, accumulations of 
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 [3H]NAA in auxin-free BY-2 medium were performed. 
These assays showed that in both BY-2 medium and 
auxin-free medium, the accumulation of  [3H]NAA did not 
decrease upon addition of  AgNO3 (Fig. 2e), suggesting 
that the mere absence of 2,4-D from the uptake medium is 
not responsible for the changes caused by  AgNO3.
To search for the uptake buffer component that is respon-
sible for the observed effect of  AgNO3, we assessed the con-
tribution of major components of the uptake buffer (MES 
and calcium sulphate). As stated above, the appearance of 
cells in the complete uptake buffer remained unchanged as 
opposed to the plasmolysis observed after the addition of 
10 µM  AgNO3 for 10 min (Fig. 2a, b). Similarly, the addi-
tion of 10 µM  AgNO3 in the uptake buffer without MES 
also had a fast plasmolysis-inducing effect (Fig. 2f). In con-
trast, 10 µM  AgNO3 had no observable phenotypic effect 
after the omission of calcium sulphate  (CaSO4) from the 
uptake buffer (Fig. 2g) as well as after the omission of both 
 CaSO4 and MES (Fig. 2h). Phenotypical changes are con-
sistent with results of  [3H]NAA accumulation performed in 
cells equilibrated either in complete uptake buffer or in cells 
washed with the uptake buffer without  CaSO4 5 min before 
the accumulation experiment. 10 µM  AgNO3 was applied 
at the onset of the accumulation assay. As shown in Fig. 2i, 
 AgNO3-treated cells in complete uptake buffer almost did 
not accumulate  [3H]NAA, similarly as shown in Fig. 1a. 
However,  AgNO3 did not reduce the accumulation of  [3H]
NAA in cells washed with the uptake buffer without  CaSO4, 
suggesting that the plasma membrane is not disturbed by 
the action of silver ions alone, but that extracellular calcium 
availability is necessary for its action (Fig. 2i).
These results indicate that the action of silver ions 
strongly depends on the composition of the incubation 
medium and that for the dramatic plasmolysis effect of 
 AgNO3, an extracellular source of  Ca2+ is necessary.
Ca2+‑permeable channels at the plasma membrane 
are responsible for changes induced by  AgNO3
To further investigate the role of an extracellular source 
of  Ca2+ in mediating the effect of  AgNO3,  Al3+ ions (in 
the form of  AlCl3) and ruthenium red, both inhibitors of 
plasma membrane-located calcium channels (White 2000), 
were used. The application of inhibitors alone did not have 
any effect on BY-2 cells compared to control (Fig. 3a–c). 
The plasmolysis observed in cells after 10 min incubation 
in the complete uptake buffer with 10 µM  AgNO3 (Fig. 3d) 
Fig. 1  Effect of  AgNO3 on intracellular accumulation of  [3H]NAA, 
 [3H]2,4-D,  [3H]Trp,  [3H]BeA and  [3H]tZ in tobacco BY-2 cells. a, 
b The kinetics of accumulation of 2 nM  [3H]NAA and  [3H]2,4-D in 
control (white circles) and in the presence of 10  µM  AgNO3 added 
at the beginning of the accumulation assay (black circles). c–e The 
kinetics of accumulation of 2  nM  [3H]Trp,  [3H]BeA and  [3H]tZ in 
control (white circles) and in the presence of 10 µM  AgNO3 (black 
circles). The arrows show the time of addition of  AgNO3. Error bars 
represent SE (n = 4)
▸
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did not appear after the simultaneous addition of 10 µM 
 AgNO3 and 100 µM  AlCl3 in uptake buffer (Fig. 3e), nor in 
cells pre-treated with 50 µM ruthenium red in uptake buffer 
for 10 min followed by addition of 10 µM  AgNO3 (Fig. 3f). 
Concomitantly, 10 µM  AgNO3 did not decrease the accumu-
lation of  [3H]NAA in the presence of 100 µM  AlCl3, nor in 
the presence of 50 µM ruthenium red (Fig. 3g, h).
Therefore, since both  AgNO3-stimulated cell plasmolysis 
and decrease of accumulation of auxin and other compounds 
is not observed in cells treated with plasma membrane cal-
cium channel inhibitors, even in the presence of an extracel-
lular source of calcium, these results suggest that intracel-
lular pool of  Ca2+ defines the response to silver ions.
Silver ions induce an increase of cytosolic  Ca2+
In order to see whether the action of silver ions is linked to a 
transient increase in cytosolic calcium, staining with the flu-
orescent cell permeant calcium marker Fluo-4FF was evalu-
ated by confocal microscopy in vivo. Treatment of 2-day-old 
cells with 10 µM  AgNO3 in uptake buffer increased the intra-
cellular fluorescence of Fluo-4FF, AM remarkably (Fig. 4a, 
right) when compared with cells immediately after the 
addition of the marker (Fig. 4a, left) and cells after 10 min 
incubation in control uptake buffer (Fig. 4a, middle). The 
fluorescence signal of Fluo-4FF was concentrated in both 
perinuclear and cortical cytoplasm and appeared gradually 
during the first 10 min of incubation in calcium-containing 
complete uptake buffer with 10 µM  AgNO3 (Fig. 4b, upper 
row), but not in cells in a buffer lacking calcium (Fig. 4b, 
bottom row). Moreover, after concurrent application of 
10 µM  AgNO3 and inhibitors of  Ca2+-permeable channels, 
i.e. either  AlCl3 or ruthenium red, no intracellular fluores-
cence was observed even in the presence of exogenous cal-
cium source (Fig. 4c).
These data show that an extracellular source of calcium 
is needed for silver ions action and reveal their stimulatory 
effect on the plasma membrane-located calcium channels.
Discussion
Thus far, the action of silver ions in plants has been pre-
dominantly attributed to the disruption of ethylene signal-
ling due to their ability to replace the copper ion which acts 
as a cofactor in the ethylene receptor ETR1 (Rodríguez 
et al. 1999; Zhao et al. 2002; Binder et al. 2007). It has 
been shown recently that  AgNO3 can also promote auxin 
Fig. 2  Effect of  AgNO3 in the culture media and uptake buffers with 
various composition on the cell appearance and intracellular accu-
mulation of  [3H]NAA in 2-day-old tobacco BY-2 cells. a BY-2 cells 
incubated 10 min in the uptake buffer. b BY-2 cells incubated 10 min 
in the uptake buffer with 10  µM  AgNO3. c BY-2 cells incubated 
10  min in the BY-2 medium. d BY-2 cells incubated 10  min in the 
BY-2 medium with 10 µM  AgNO3. e 2 nM  [3H]NAA accumulation 
kinetics in BY-2 medium (white circles), in the presence of 10  µM 
 AgNO3 (black circles), and in the auxin-free (AF) medium (white 
squares) in the presence of 10 µM  AgNO3 (black squares). The arrow 
shows the time of addition of  AgNO3. Error bars represent SE (n = 4). 
f BY-2 cells incubated 10 min in uptake buffer with  CaSO4, without 
MES and in the presence of 10 µM  AgNO3. g BY-2 cells incubated 
10  min in uptake buffer without  CaSO4 with MES and in the pres-
ence of 10  µM  AgNO3. h BY-2 cells incubated 10  min in uptake 
buffer without  CaSO4, without MES and in the presence of 10  µM 
 AgNO3. i 2  nM  [3H]NAA accumulation kinetics in uptake buffer 
(white circles), in the uptake buffer with 10  µM  AgNO3 (black cir-
cles), in the uptake buffer without calcium (white squares) and in the 
uptake buffer without calcium with 10  µM  AgNO3 (black squares). 
The arrow shows the time of addition of  AgNO3. Error bars represent 
SE (n = 4). a–d, f–h Nomarski DIC, scale bar 50 µm
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efflux independently of ethylene action and that auxin influx 
is insensitive to  AgNO3 action (Strader et al. 2009). Our 
results from accumulation assays in BY-2 tobacco cells 
demonstrate that  AgNO3 influences auxin efflux (Fig. 1a, 
b), but it also enhances the outflow of other compounds 
such as BA, Trp or tZ (Fig. 1c–e). This corresponds very 
well to findings of Coskun et al. (2012), who recorded efflux 
of  NH3/NH4+ and potassium ions from barley roots upon 
 AgNO3 (5–500 µM) treatment with destructive effects on 
the integrity of the plasma membrane. Here we show that 
plasma membrane disruption, reported by these authors as 
the possible reason of non-selective efflux, probably depends 
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on silver ions-dependent calcium homeostasis disturbance, 
as discussed below.
The analysis of the phenotype of BY-2 tobacco cells 
treated with  AgNO3 revealed dramatic changes reminis-
cent of plasmolysis such as cytoplasm shrinkage and loss 
of cytoplasmic strands (Fig. 2b). Interestingly, BY-2 cells 
under standard cultivation conditions as well as in auxin-
free medium did not exhibit any changes in their phenotype 
after  AgNO3 treatment (Fig. 2d, e). We therefore examined 
the effect of each single component of the uptake buffer to 
discriminate the proper agent that stands behind the action 
of  AgNO3, namely MES as a buffering agent and a sixfold 
lower content of calcium compared to BY-2 medium. The 
effect of  AgNO3 was observed only in the presence of extra-
cellular calcium suggesting that for silver ions action the 
influx of calcium ions is needed (Fig. 2b, f). The effect of sil-
ver ions on calcium channels or receptors was already docu-
mented in animal cells. Calcium release induced by silver 
ions binding to one or more sulfhydryl sites in the skeletal or 
cardiac sarcoplasmic reticulum has been described (Abram-
son et al. 1983; Salama and Abramson 1984; Prabhu and 
Salama 1990). Later, the mechanism of silver ions-induced 
transient contraction of skeletal muscle fibers was attributed 
to the binding of  Ag+ to SH groups on the dihydropyridine 
receptor  Ca2+ channel, affecting the voltage sensor of the 
channel followed by calcium release (Oba et al. 1992). In 
Arabidopsis thaliana, a putative voltage-gated  Ca2+ chan-
nel AtTPC1, with two or more high-affinity binding sites 
for dihydropyridine, has a similar structure to the voltage-
activated  Ca2+ channels from animals (Furuichi et al. 2001; 
Volk et al. 2004). In Nicotiana tabacum, the putative volt-
age-dependent  Ca2+-permeable channels NtTPC1A and 
NtTPC1B were reported at the plasma membrane. Their 
deduced amino acid sequences are 66.5 and 65.9% identical 
to AtTPC1 (Kadota et al. 2004). Further, Gromová et al. 
(2003) demonstrated a direct interaction of silver ions with 
the voltage sensor of the calcium channels from mouse brain 
stably expressed in the human embryonic kidney cells. Alto-
gether, these published data support the idea that one of the 
primary targets of silver ions in BY-2 cells might be calcium 
channels and that some of the other effects, including disrup-
tion of transmembrane transport (Vanneste and Friml 2013), 
reflect the response to modified calcium levels (Fig. 5). This 
response might also include potassium ions efflux (Coskun 
et al. 2012) and subsequent water loss. Since TPC1-type 
channels are believed to be targets for the inhibitory activity 
of  Al3+ (Kawano et al. 2004), and  Al3+ overcomes the effect 
of silver ions in our experiments, plasma membrane cal-
cium channels are candidates for being directly under control 
of silver ions. Importantly, our experiments also show that 
cytosolic calcium ions elevation could be triggered not only 
by silver nanoparticles, as reported by Sosan et al. (2016) in 
Arabidopsis, but also by silver ions.
The involvement of plasma membrane channels in the 
modulation of  Ca2+ levels by silver ions was suggested from 
the experiments with two inhibitors of plasma membrane 
 Ca2+-permeable channels,  Al3+  (AlCl3) and ruthenium red 
(Huang et al. 1992; Jones and Kochian 1998; White 2000; 
Kochian et al. 2005). Both treatments were able to prevent 
the effect of silver ions in the presence of extracellular cal-
cium as demonstrated by both auxin accumulation assays 
and DIC microscopy analysis (Fig. 3e–h). To further test 
this hypothesis, fluorescence of the cell permeant calcium 
indicator, Fluo-4FF, was observed in BY-2 cells after  AgNO3 
treatment. Indeed,  AgNO3 addition to BY-2 cells equili-
brated in uptake buffer, increased the fluorescence of Fluo-
4FF, especially in perinuclear and cortical cytoplasm and 
partially in vacuoles (Fig. 4a). Interestingly, the increase of 
the fluorescence of Fluo-4FF after  AgNO3 treatment was not 
observed in the presence of plasma membrane  Ca2+ channels 
inhibitors  Al3+ and ruthenium red (Fig. 4c), which supports 
the idea that silver ions actually promote the increase of 
 Ca2+ content in BY-2 tobacco cells. Time-lapse recording 
of Fluo-4FF intensity in BY-2 cells (Fig. 4b) clearly showed 
that the increase in cytosolic fluorescence is much faster in 
cells, where an extracellular pool of calcium ions is avail-
able. This fits with the idea that in plants, the ER does not 
seem to be the major source of  Ca2+ while an extracellular 
(cell wall) or vacuolar sources are more probable (Bonza 
et al. 2013).
Interestingly,  AgNO3 had no destructive effect on BY-2 
cells in BY-2 medium although BY-2 medium contains a 
six times higher concentration of calcium (3 mM  CaSO4) 
than the uptake buffer (Fig. 2d). The easiest explanation 
would be that in the complex medium calcium forms vari-
ous complexes and therefore is inactivated in comparison 
with simple uptake buffer. However, this phenomenon may 
Fig. 3  Effect of inhibitors of plasma membrane  Ca2+-permeable 
channels,  AlCl3 and ruthenium red on  AgNO3 action in 2-day-old 
BY2 tobacco cells. a BY-2 cells incubated 10  min in the uptake 
buffer. b BY-2 cells incubated 10  min in the uptake buffer with 
100  µM  AlCl3. c BY-2 cells incubated 10  min in the uptake buffer 
with 50  µM ruthenium red. d BY-2 cells incubated 10  min in the 
uptake buffer with 10  µM  AgNO3. e BY-2 cells incubated 10  min 
in the uptake buffer with 10 µM  AgNO3 and 100 µM  AlCl3. f BY-2 
cells incubated 10 min in the uptake buffer with 10 µM  AgNO3 and 
50 µM ruthenium red. g The kinetics of accumulation of 2 nM  [3H]
NAA (white circles), in the presence of 10 µM  AgNO3 added at the 
beginning of the accumulation assay (black circles), in the pres-
ence of 100 µM  AlCl3 (white squares), and in the presence of 10 µM 
 AgNO3 and 100  µM  AlCl3 (black squares). h The kinetics of accu-
mulation of 2 nM  [3H]NAA (white circles), in the presence of 10 µM 
 AgNO3 added at the beginning of the accumulation assay (black cir-
cles), in the presence of 50  µM ruthenium red (white squares), and 
in the presence of 10 µM  AgNO3 and 100 µM  AlCl3 (black squares). 
g, h The arrows show the time of addition of  AgNO3, and  AlCl3. For 
ruthenium red, 5 min pre-treatment was used. Error bars represent SE 
(n = 4). a–f Nomarski DIC, scale bar 50 µm
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be explained through plasma membrane stabilization by 
calcium as reported in case of  K+ efflux under salt stress 
(Cramer et al. 1985; Britto et al. 2010). This is also sup-
ported by a recent report (Melcrová et al. 2016) suggest-
ing that lipid membranes have substantial calcium-binding 
capacity that is regulated in a concentration-dependent man-
ner. Our observations nicely illustrate the biological impor-
tance of homeostatic levels of calcium, both extracellular 
and cytosolic, with calcium signalling events triggered by 
changes in calcium concentration. Disturbance of calcium 
levels may consequently modify the membrane permeability 
for compounds translocated in a calcium-dependent manner 
(Fig. 5), including plant hormones like auxin (NAA). This 
effect is probably mediated by changed of ion fluxes at the 
plasma membrane, including potassium ions efflux (Coskun 
et al. 2012) with subsequent loss of plasma membrane integ-
rity. Taken together, our results point to the fact that the 
effect of silver on the transmembrane transport in plants is 
Fig. 4  The effect of  AgNO3 
on intracellular concentration 
of calcium visualized with the 
calcium cell permeant marker 
Fluo-4FF in 2-day-old BY-2 
tobacco cells. a Fluorescence 
of Fluo4FF, AM loaded in 
BY-2 cells cultivated in uptake 
buffer immediately after the 
addition of the dye (left) and 
after 10 min of the incubation 
without (middle) or with 10 µM 
 AgNO3 (right). b Time-lapse 
imaging of Fluo4FF, AM 
fluorescence during 7 min 
incubation with 10 µM  AgNO3 
in either uptake buffer (upper 
row) or in calcium-free uptake 
buffer (bottom row). c Fluo-
rescence of Fluo4FF, AM after 
10 min incubation of BY-2 cells 
in uptake buffer supplemented 
with 100 µM  AlCl3 (top left), 
with 10 µM  AgNO3 and 100 µM 
 AlCl3 (top right), with 50 µM 
ruthenium red (bottom left), and 
with 50 µM ruthenium red and 
10 µM  AgNO3 (bottom right). 
Confocal microscopy, scale bars 
50 µm
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not specific for auxin as presented in Strader et al. (2009) 
for  AgNO3 and in Sun et al. (2017) for silver nanoparticles. 
The mechanism of silver ions action may be rather linked to 
disturbed calcium levels with subsequent heavy changes in 
ion fluxes and disturbed plasma membrane integrity. In this 
regard, we want to emphasize the multifaceted character of 
silver ions action in plants and suggest caution while inter-
preting their effects in plant cellular physiology.
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